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Li1±xNi0.5Mn1.5O4 (x=0.05, 0) spinel powders were synthesized using a solid-state reaction. Their structures were characterized by 
X-ray diffraction, scanning electron microscopy and Raman spectroscopy. Their electrochemical properties for use as active 
cathode materials in lithium-ion batteries were measured. The LiNi0.5Mn1.5O4, Li1.05Ni0.5Mn1.5O4 and Li0.95Ni0.5Mn1.5O4 samples 
crystallized in 3Fd m , 3Fd m  and P4332, respectively. The LiNi0.5Mn1.5O4 and Li0.95Ni0.5Mn1.5O4 samples exhibited better cycle 
performance than the Li1.05Ni0.5Mn1.5O4 sample, while Li0.95Ni0.5Mn1.5O4 had the worst rate performance. Thus, it appears unnec-
essary to introduce nominal lithium nonstoichiometry in LiNi0.5Mn1.5O4 electrode materials.  
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High energy lithium-ion batteries are in increasing demand 
for many applications including hybrid vehicles. As the 
energy of a cell is the voltage multiplied by its capacity, 
there are two ways to improve the energy density; i.e. either 
the voltage or the capacity can be increased. LiNi0.5Mn1.5O4 
spinel exhibits a voltage of about 4.7 V [1–4], which is 
higher than other electrode materials like LiMn2O4 (4 V [5]), 
LiCoO2 (4 V [6]) and LiFePO4 (3.4 V [7]). In the past dec-
ade, many methods have been used to synthesize this high 
voltage material, including solid-state reactions [8–10], 
sol-gel processes [11,12], and co-precipitation [13,14]. The 
properties of the synthesized LiNi0.5Mn1.5O4 samples are 
strongly influenced by the synthetic method. Samples typi-
cally contain LixNi1–xO2 as an impurity in the products, es-
pecially those produced by solid-state methods [8–10], and 
this secondary phase is formed because of oxygen loss at 
high temperatures. In addition, the oxygen loss reaction 
results in the generation of Mn3+ ions which can further 
deteriorate the electrochemical performance.  
LiNi0.5Mn1.5O4 occurs in two different space groups, 
3Fd m  and P4332. Specifically, the nonstoichiometric 
LiNi0.5Mn1.5O4–x and stoichiometric LiNi0.5Mn1.5O4 occupy 
the 3Fd m  and P4332 phases, respectively [15]. The oxy-
gen-deficient composition LiNi0.5Mn1.5O4–x is stable at tem-
peratures over 800°C, but, when annealed at 700°C, the 
symmetry changes to P4332. The 3Fd m  phase has a lower 
impedance and hence higher capacity at high rates. In addi-
tion, the cycle performance of the P4332 phase is worse than 
that of the 3Fd m  phase because it must form an interme-
diate 3Fd m  phase during Li extraction. In addition to the 
annealing process, the synthetic method can also influence 
the space group of the LiNi0.5Mn1.5O4 products [16,17]. 
1  Experimental 
The spinel Li1±xNi0.5Mn1.5O4 (x=0, 0.05) samples were syn-
thesized via a two-step solid state reaction process [18]. All 
chemicals were purchased from Sinopharm Chemical Rea-
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gent Co., Ltd. Nickel acetate (Ni(Ac)2·4H2O, 10 mmol) and 
manganese acetate (Mn(Ac)2·4H2O, 30 mmol) were first 
mixed and ground in a mortar and then calcined in air at a 
rate of 3°C min−1 in an alumina crucible to 500°C. The 
sample  was held at 500°C for 5 h followed by natural 
cooling to room temperature. To determine how much Li-
Ac·2H2O should be added, the mass of the sample was de-
termined before calcination (9.3535 g) and after (2.9891 g). 
Thus, 31.96% of the mass remained, meaning 0.7863 g of 
the residual oxides corresponded to 2.5 mmol Ni(Ac)2·4H2O 
and 7.5 mmol Mn(Ac)2·4H2O in the starting mixture. Next, 
0.7863 g of the Ni-Mn oxide was mixed with 0.5356 g (5.25 
mmol), 0.501 g (5 mmol), 0.4846 g (4.75 mmol) of Li-
Ac·2H2O, to obtain the Li1.05Ni0.5Mn1.5O4, LiNi0.5Mn1.5O4, 
and Li0.95Ni0.5Mn1.5O4 powders, respectively. These samples 
were first calcined at 500°C for 5 h, and then sintered at 
900°C for 10 h, cooled to 700°C, and annealed for 10 h.  
The crystalline structures of the Li1±xNi0.5Mn1.5O4 (x=0, 
0.05) samples were characterized by X-ray diffraction 
(XRD, Rigaku TTR-III, CuKα radiation). The diffraction 
patterns were recorded at room temperature over the 2θ 
range from 10° to 80°. Raman spectra of these samples were 
measured on a LABRAM-HR Confocal Laser Micro-  
Raman spectrometer using an argon laser (wavelength 514.5 
nm) at room temperature. The morphology and particle size 
were characterized by scanning electron microscopy (JSM- 
6390LA, JEOL). 
The electrochemical properties of Li1±xNi0.5Mn1.5O4 (x=0, 
0.05) were measured in CR2032 coin-type half-cells using 
lithium metal as a negative electrode. The positive elec-
trodes consisted of a mixture of 84 wt% Li1±xNi0.5Mn1.5O4 
(x=0, 0.05) samples, 8 wt% carbon black and 8 wt% PVDF 
binder. The cells were assembled in an argon-filled dry-box 
(MBraun Labmaster 130) with a porous polypropylene 
membrane (Celgard 2400) as the separator and 1 mol/L 
LiPF6 in EC:DMC (1:1; v/v) as the electrolyte. These half- 
cells were cycled on a multi-channel battery test system 
(NEWARE BTS-610) over the voltage range from 3.5 to 
5.1 V. Cyclic voltammograms (CV) were measured on a 
CHI 604 Electrochemical Workstation with a scanning rate 
of 0.2 mV s−1 from 3.5 to 5.1 V. 
2  Results and discussion 
2.1  Structure and morphology of Li1±xNi0.5Mn1.5O4 
The X-ray diffraction patterns of the prepared Li1±xNi0.5- 
Mn1.5O4 (x=0, 0.05) samples are shown in Figure 1, all of 
which exhibit the cubic spinel structure of LiNi0.5Mn1.5O4 
(Figure 1(a)). In the LiNi0.5Mn1.5O4, there are two additional 
peaks at 37° and 45° that correspond to an impurity phase of 
LixNi1–xO2, suggesting an oxygen loss reaction at high tem-
peratures. Also, the positions of the diffraction peaks of 
nominal Li1.05Ni0.5Mn1.5O4 and Li0.95Ni0.5Mn1.5O4 shift to the 
higher angles than Li1.00Ni0.5Mn1.5O4 (Figure 1(b)), meaning 
the lattice parameters of the Li1±0.05Ni0.5Mn1.5O4 samples are 
smaller than the LiNi0.5Mn1.5O4 sample. In the sample with 
the nominal composition of “Li1.05Ni0.5Mn1.5O4”, some lith-
ium ions must be in Ni or Mn sites, resulting in a higher 
concentration of Mn4+ ions compared to the stoichiometric 
Li1.0Ni0.5Mn1.5O4 sample. Mn
4+ has stronger electrostatic 
interactions than Mn3+ which leads to smaller lattice param-
eters. On the other hand, for the sample with the nominal 
composition of “Li0.95Ni0.5Mn1.5O4”, some Ni
2+ ions occupy 
Li+ site to form a [Li0.97Ni0.03][Ni0.48Mn1.52]O4 phase. Be-
cause Ni2+ has a similar radius (0.78 Å, Goldschmidt radius) 
to Li+ but with a higher charge, the stronger electrostatic 
interaction also results in smaller lattice parameters.  
The fine structure of a crystal can be also characterized 
by Raman spectroscopy. As seen in Figure 2, LiNi0.5Mn1.5- 
O4 and Li1.05Ni0.5Mn1.5O4 samples have the same Raman 
spectrum, which can be assigned to the 3Fd m  space 
group [17,19]. The Li0.95Ni0.5Mn1.5O4 sample has two peaks 
at 218 and 240 cm−1 that are attributed to the P4332 space 
group, and has been assigned as such. 
In addition, the sample Li0.90Ni0.5Mn1.5O4 was synthe-
sized and characterized by Raman spectrum to ensure the 
symmetry change of samples lack of lithium. As discussed 
above, Li0.95Ni0.5Mn1.5O4 can be written as [Li0.97Ni0.03] 
[Ni0.48Mn1.52]O4 giving an average valence of the manga-
nese a little less than +4. 
The scanning electron microscopy images of these sam-
ples are shown in Figure 3. No obvious impurity phase can  
 
 
Figure 1  XRD patterns of the Li1±xNi0.5Mn1.5O4 samples. (a) Full patterns; (b) enlargement of the (111) peaks. 
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Figure 2  Raman spectra of the Li1±xNi0.5Mn1.5O4 samples. 
be seen. The particle sizes of the Li0.95Ni0.5Mn1.5O4 and 
Li1.05Ni0.5Mn1.5O4 samples are almost in the same range of 
2–4 μm, which are obviously bigger than the LiNi0.5Mn1.5O4 
sample with an average particle size around 1 μm. Appar-
ently, the nonstoichiometries of these spinel materials, with 
either excessive or deficient lithium, facilitate the growth of 
particles during the solid state reaction.  
2.2  Electrochemical performance of Li1±xNi0.5Mn1.5O4 
The galvanostatic charge-discharge curves (4th cycle) of the 
Li1±xNi0.5Mn1.5O4 electrodes at a current density of 150  
mA g−1 are shown in Figure 4. The specific capacities of 
these three samples are similar. Their differences are seen 
between 3.5 and 4.5 V, which corresponds to the conversion 
of Mn4+ to Mn3+. The higher the concentration of lithium is, 
the lower the specific capacity between 3.5 and 4.5 V. This 
means the concentration of Mn3+ ions increases with a re-
duction in the quantity of lithium ions. It is also seen in 
Figure 4 that the discharge voltage of these samples decreases 
with the cycle number. The change in voltage relates to an 
increase in the impedance that comes from the decomposition 
of the electrolyte and the formation of a surface film on the 
 
 
Figure 3  SEM images of the Li1±xNi0.5Mn1.5O4 samples. 
 
Figure 4  Voltage profiles of the Li1±xNi0.5Mn1.5O4/Li cells at a current density of 150 mA g−1.  
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particles. Among the three samples, the Li1.05Ni0.5Mn1.5O4 
electrode gave the largest change in volt-age, which may be 
due to the high valence manganese making it easier to oxi-
dize the electrolyte and make the surface films thicker and 
more resistive. 
Figure 5 shows the cycle performance of the Li1±xNi0.5- 
Mn1.5O4 electrodes. Li0.95Ni0.5Mn1.5O4 has a good cycle per-
formance that retains about 96% of its initial capacity after 
100 cycles, with only 0.05 mAh g−1 capacity loss per cycle. 
This may be due to the smaller lattice parameters seen in the 
XRD patterns mentioned earlier making the sample more 
stable. LiNi0.5Mn1.5O4 (Figure 5) has almost the same excel-
lent cycle performance (96.6% capacity retained after 100 
cycles, Figure 5). The worst is the Li1.05Ni0.5Mn1.5O4 elec-
trode, which has a smaller lattice parameter than Li0.95Ni0.5- 
Mn1.5O4 and also contains less Mn
3+. From Figure 4 we can 
attribute this capacity fading to the increase in impedance 
during the cycling. 
Cyclic voltammetry curves the Li/Li1±xNi0.5Mn1.5O4 half- 
cells are shown in Figure 6. These samples have two peaks 
at 4.0 and 4.7 V in the discharge process. As mentioned 
before, the peak at 4.7 V refers to the 4.7 V plateau in the 
Galvanostatic discharge curves and peak at 4.0 V to the 
sloping portion between 3.5 and 4.5 V (Figure 4). The volt-
age difference between the charge curve and discharge 
curve is related to the impedance of the cells. Thus, once 
again, the voltage difference of the Li/Li0.95Ni0.5Mn1.5O4 cell 
is the largest of all the cells, and this is due to the change in 
the space group. 
The rate performances of the Li1±xNi0.5Mn1.5O4 electrodes 
are presented in Figure 7. At 1 C, the Li0.95Ni0.5Mn1.5O4 
electrode delivers the highest capacity, the LiNi0.5Mn1.5O4 
electrode the second, and the Li1.05Ni0.5Mn1.5O4 electrode 
the lowest. But when the rate increases to 3 C, the capacity 
of the LiNi0.5Mn1.5O4 electrode becomes higher than 
Li0.95Ni0.5Mn1.5O4 because of the lower impedance. When 
the rate is increased to 10 C, the Li0.95Ni0.5Mn1.5O4 electro- 
de can only retain 66% of the capacity at 1 C. The LiNi0.5- 
Mn1.5O4 electrode shows the best electrochemical per- 
 
 
Figure 5  Cycle performance of the Li1±xNi0.5Mn1.5O4/Li cells at a current 
density of 150 mA g−1. 
 
Figure 6  Cyclic voltammograms of the Li1±xNi0.5Mn1.5O4/Li cells in the 
second cycle at a rate of 0.2 mV s−1. 
 
Figure 7  Rate performance of the Li1±xNi0.5Mn1.5O4 samples. 
formance because of its better cycle performance and higher 
capacity than Li1.05Ni0.5Mn1.5O4, and lower impedance than 
Li0.95Ni0.5 Mn1.5O4. It can retain a capacity of about 113 
mAh g−1 at the rate of 10 C, 82% of its capacity at 1 C, 
which is better than that reported in literature [20,21]. The 
rate performance of Li1.05Ni0.5Mn1.5O4 is between the other 
two samples in that its capacity at 10 C is about 104 mAh 
g−1, or 77% of that at 1 C. 
3  Conclusions 
Nonstoichiometric Li1±xNi0.5Mn1.5O4 (x=0, 0.05) spinel 
powders have been synthesized by a solid-state reaction. 
The Li0.95Ni0.5Mn1.5O4 sample has good cycle performance 
because of a smaller lattice parameter and better crystal 
stability, but the lack of lithium leads to a phase conversion 
from 3Fd m  to P4332 with higher impedance, and hence 
the worst rate performance. The Li1.05Ni0.5Mn1.5O4 sample 
delivers the lowest specific capacity and worst cycle per-
formance. Therefore, it is unnecessary to introduce lithium 
nonstoichiometry into LiNi0.5Mn1.5O4 electrode materials. 
The nominal stoichiometric LiNi0.5Mn1.5O4 electrode gives 
the best cycle and rate performances. 
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